Els efectes de les cascades d'aigües denses de plataforma
Introduction
Continental shelves are bypass zones of lithogenic and biogenic material from their source in the continent to their sink in the deep sea floor. In addition, high biological production takes place in shelf regions due to nutrients inputs from land and coastal upwelling. In those environments, settling material is subjected to biological, physical and chemical processes among which, the remobilization basinwards supposes the principal way of shelf erosion. Actually, experiments carried out in the Western Mediterranean Sea show differences of three orders of magnitude when comparing settling particles in the slope with the open basin, underlining the importance of continental shelves as a source of material for the adjoining slope environment (Heussner et al., 2006; Martín et al., 2006; Zúñiga et al., 2009) . Suspended particles on the continental shelf are mainly advected to the slope through intermediate or bottom nepheloid layers (Durrieu de Madron and Panouse, 1996) , resulting in larger particulate fluxes closer to the slope bottom (Monaco et al., 1990; Heussner et al., 1999; Heussner et al., 2006) .
One mechanism that facilitates such shelf-deep ocean exchange in the Western Mediterranean is dense shelf water cascading (DSWC). It is a gravity current associated to the shelf edge overflow and down-slope sinking of continental shelf waters due to their excess density gained by cooling and/or evaporation (Ivanov et al., 2004) . The Gulf of Lion (GoL) is one of the few regions in the Mediterranean where this phenomenon takes place (Durrieu de Madron et al., 2005; Canals et al, 2009) , with intense events occurring in a subdecadal scale. Various studies carried out in the GoL have documented the rapid export of sediment from the shelf and upper slope to deeper environments by intense DSWC events occurring in winter 2004/05 (Bourrin et al., 2008; Canals et al., 2006; Puig et al., 2008; Ulses et al., 2008a) and winter 2005/06 (Sanchez-Vidal et al., 2008) . Besides lateral (crossslope) transport of material, the particle fluxes from open-ocean surface waters supply benthic sediments with fresh marine organic matter (Heussner et al., 2006) . The temporal coincidence of DSWC and high pelagic fluxes seems to be responsible for the effective transfer of fresh marine organic matter towards deeper parts of the basin (Fabres et al., 2008 , Sanchez-Vidal et al., 2009 .
In this paper we evaluate the behavior and charac- was registered by all sediment traps we have the opportunity to assess the impact of DSWC on particle fluxes along and across the slope. Concretely, we will analyze the spatial and temporal variability of the total mass fluxes and the variations in its organic matter, opal, calcium carbonate and siliciclastic contents.
Study area and oceanographic settings
The GoL margin is located in the Western Mediterranean and extends from Cap Croisette in the northeast to Cap de Creus in the southwest (Fig. 2.1 ). It is a wide, progressive margin incised by numerous submarine canyons extending down to the Algero-Balearic basin. The continental shelf is fed by different watersheds ( Fig. 2.1 ): in the northeast, the Rhône River contributes to more than 90% of the total annual liquid and solid inputs of the rivers discharging to the Gulf of Lion mainly during the snowmelt in spring (Bourrin et al., 2006) , whereas the southwestern rivers Hérault, Orb, Aude and Têt are subjected to a Mediterranean regime with short and intense flash-flood events (Serrat et al., 2001) .
Sea surface circulation is characterized by the anticlockwise flow of modified Atlantic waters that form the Northern Current ( Fig. 2.1 ). Its structure changes seasonally, becoming thicker and narrower and flowing closer to slope with maximum flow during the winter season (Millot, 1999) . The Northern Current is associated to a permanent shelf-slope density front separating shelf and open-sea waters. Its position and meandering is suggested to significantly influence shelf-slope exchanges (Flexas et al., 2002) and organic carbon export (Van Wambeke et al., 2002) . The Northern Current also controls the GoL primary production distribution, separating shelf waters directly influenced by the Rhône river from offshore waters with a clear seasonality in surface and deep chlorophyll a concentrations, as revealed by both in situ measurements (Lefevre et al., 1997) and satellite images (Bosc et al., 2004) . Main biological features identified in the southwestern GoL are spring mesotrophy when blooms develop (Vidussi et al., 2000) and summer stratified oligotrophic waters followed by autumn blooms (Marty et al., 2008) . When winter meteorolog- Water (Bethoux et al., 1999; Fuda et al., 2000) .
Within that context, sedimentary processes in the
Gulf of Lion's continental shelf and slope have been the principal issue of several projects and are nowadays well understood. Fine sediments on the continental shelf are advected by the mean anticlockwise nearbottom flow, and exit the shelf through the westernmost submarine canyons mainly during E and SE win-ter storm events and DSWC (Palanques et al., 2006) , resulting in an annual inventory budget on the shelf essentially equal to cero (Courp et al., 1990) . Submarine canyons represent the preferential pathway (Monaco et al., 1990) , as the shelf edge incision interacts with the bottom flow and funnel shelf water and material basinward. Significant increase of near-bottom transport of sediment were detected when storminduced downwelling couples with DSWC, transporting resuspended sediments through the westernmost canyons as bottom turbidity layers (Palanques et al., 2006; Bonnin et al., 2008) and eroding canyon floor sediments (Canals et al., 2006 , Puig et al., 2008 . 
Material and methods

Experimental design and data recovery
Sediment trap efficiency
The general patterns of flux derived from traditional sediment traps are considered to be reasonable even it is known the uncertainties associated to trap hydrodynamics, swimmer intrusion and solubilisation processes that may bias the particle fluxes (Gardner et al., 1997; Buesseler et al., 2007 and references therein) . The perturbation of the horizontal flow due to the presence of the trap is supposed to cause biases in the collection of particles. The efficiency is suggested to be a function of the trap design, the current velocity and the characteristics of the settling particles (Butman et al., 1986) . The PPS3 sediment traps used in the experiment present and aspect/ratio that has been suggested that minimize the tilting (Heussner et al., 1990) . Indeed, Bonnin et al. (2008) examined how the current velocity affected their PPS3 sediment traps by looking at pressure sensors on the currentmeters above the traps. They concluded that the tilt of the traps was around 15º during high strong current episodes (up to 80 cm s-1), which would not affect significantly the collection efficiency of particle fluxes. However, under most flow conditions, most particles are not collected as a result of passive sinking, but by means of a water-exchange turbulent process in the mouth of the trap (Gardner, 1980; Butman, 1986) . Several works have approached the hydrodynamic bias issue in a different ways, but the conditions under which the trapping biases become important are still poorly constrained (Buesseler at al., 2007) . Among users of PPS3 sediment traps (e.g. Carbonne, 1991; Heussner et al., 1999) it is common to adopt a 15 cm s -1 limit for PPS3 The intrusion of swimmers may also affect the particle flux. Sediment trap samples collected during our study were wet-sieved through a 1mm nylon mesh in order to retain the largest organisms, which were not very abundant. Swimmers smaller than 1 mm were manually removed under a dissecting microscope using fine tweezers. In addition, physical-chemical processes such as the dissolution of biominerals or organic aggregates can also bias the particle flux of different compounds (Antia et al., 2005) . The poisoning solution used in this study appears to be the most suitable compromise in terms of effectiveness and prevention of swimmer fragmentation (Lee et al., 1992; Buesseler et al., 2007; Heussner et al. 1990 ), even precluding DOC/DON measurements in supernatant.
Sample treatment and analytical procedures
After recovering, samples were stored in dark at 2-4 ºC until they were processed in the laboratory according to the procedure described by Heussner et al.
(1990). Samples were (i) repeatedly split into aliquots using a high precision peristaltic pump robot to obtain 10-20 mg sub-samples, (ii) filtered through glass-fibre pre-weighted filters for carbon and nitrogen analysis and 0.45 µm pore size cellulose membranes for total mass determination and biogenic Si analysis, (iii) rinsed with distilled water and, finally, (iv) dried at 40ºC during 24 h for dry weight determination. The precision of mass estimates, as measured by the coefficient of variation was 4.1%.
Total and organic carbon, and total nitrogen contents were measured using an elemental analyzer (EA Flash series 1112 and NA 2100). Samples for organic carbon analysis were first decarbonatated using repeated additions of 100 µl 25% HCl with 60ºC drying steps in between until no effervescence occurred. Organic matter (OM) content has been estimated as twice the total organic carbon content, and carbonate content was calculated assuming all inorganic carbon is contained within the calcium carbonate (CaCO3) fraction, thus using the molecular mass ratio 100/12.
Uncertainties were lower than 0.1% as determined from replicates of the certified estuarine sediment MESS-1. Biogenic Si was analyzed using a two-step extraction with 0.5 M Na2CO3 (2.5 hours each) sepa- 
Forcing conditions
Results
River, waves and Chl a measurements
The Rhône river main discharge during the moni- 
Near-bottom temperature and currents measurements on the slope
Current speed, temperatures and directions at 5 m above the bottom recorded by the current meters display two clearly different periods (Fig. 2.3 
Trends in composition of settling particles
Mean flux and concentrations of major constituents (OM, opal, CaCO3 and siliciclastic) are shown in ing the monitored period. The occurrence of DSWC caused total mass flux to increase (Fig. 2.4 ) and to be dominated by the siliciclastic fraction (up to 63.3%) ( Fig. 2.6 ). Concomitantly, composition had the tendency to be constant (Fig. 2.6 The large amount of mass settled during the main DSWC period represents up to 83.5% (CCC1000 sta- etc) . It has also to be considered that coastal phytoplanktonic blooms were developing during winter time (Fig. 2.2b) year (1.5 and 8.5 g m -2 d -1 respectively, see Table 2 .2).
In fact, near-bottom settling fluxes concentrated down canyon as indicates the mass flux increase from 3.5 g m -2 d -1 at the head of the canyon to 24.5 g m -2 d -1 at the 1000 m depth station, suggesting that upper canyons acted as bypass areas of material during the period of strong downcanyon currents.
Even though no data is available from the Cap de (Fig. 2.2a, c) suggest the arrival of land-derived sediments, mainly from the Pyrenean rivers as suggested by the lower content in carbonates (Roussiez et al., 2006) . Indeed, fast transport from the shelf to the slope was suggested by Monaco (1990) current-meter indicates a clearly along axis direction of the flow during DSWC, the direction of the water flow at the SOS1000 was mainly along slope ( Fig.   2.3) . Material settling during the first cascading pulse at both CCC1000 and SOS1000 stations was quite similar (Fig. 2.7) . Indeed, closer than CCC1000 and downwelling couples with DSWC the erosion capability of the water mass increases.
Pelagic signal in settled material
The huge quantity of material caught by the sediment traps during the DSWC event had relatively homogeneous composition (Fig. 2.6 ), which suggests For example, in late March-April 2006, the widespread increase of chl a offshore (Fig. 2.2b) indicates the development of a phytoplankton bloom over the study area (Fig. 2.2a ). We could suggest that the in- and SOS1900 (Fig. 2.4, 5a, b ). During summer water column is stratified with a well developed deep chlorophyll maximum (Estrada et al., 1993) . In those conditions primary productivity has been related to the development of diazotrophic communities (Marty et al., 2002 (Marty et al., , 2009 ) that may induce vertical transfer (Fig. 2.4) . The material is characterized by high OM and opal contents (Fig. 2.5 ), indicating the settling of organic rich particles (up to 15% of OM in early September in CCC1900). Increase in significant wave heights suggest that storms where affecting that region (Fig. 2.2c ), mixing the water column. The increase in organic rich mass fluxes detected in the sediment traps could be linked to the rapid transference of particles downwards that has been observed during non-stratified water column conditions (Migon et al., 2002; Zuniga et al., 2007) . 9 5,5 38,2 95,2 73,0 204,9 73,6 CCC1900 3,9 38,4 2,0 22,9 38,4 48,9 73,0 49,9 SOS1000 26,4 75,5 6,6 45,3 290,1 87,6 705,6 88,1 SOS1900 5,3 48,9 3,0 28,5 60,8 64,0 108,1 63,3 ting that pelagic fluxes may become a significant part of the total mass flux.
Conclusions
